Exercise training is thought to play a protective role against cancer development and metastasis, either by reducing hormonal stimulation of hormone-dependent cancers or by reducing the permeability of vascular walls towards invading metastatic cells. The purpose of this work was to evaluate the role of long-term exercise training in the development and metastasis of breast cancer, in an immune-competent 1-methyl-1-nitrosourea (MNU) induced rat model. A single MNU dose was administered to Sprague-Dawley rats at 50 days of age and the rats were subjected to exercise training on a treadmill at 20 m/min, 60 min/day, 5 days/week for 35 weeks. Exercised animals developed slightly less (2.30 AE 1.42) tumours per animal than sedentary animals (2.55 AE 1.44) and did not develop any metastasis, while two pulmonary metastases were observed in the sedentary group. All primary neoplasms and their metastases were positive for oestrogen (ER) a and progesterone (PR) receptors, indicating high hormonal sensitivity. Interestingly, exercise training increased circulating oestrogen levels, thus suggesting that the mechanism might involve either or both of a protective hormone-independent effect and modulation of tumoural vascularization.
Breast cancer is one of the main causes of death in women worldwide, especially due to its high rate of metastasis development in several organs, most commonly the lung, bone, liver and brain (Valastyan & Weinberg 2011) . Lung metastases are the most frequently encountered: 10-24% of women with breast cancer were reported to have developed pulmonary metastases (Kayser et al. 1998; Cummings et al. 2014; Wu et al. 2016) . Metastatic disease is a great challenge to oncologists, due to its destructive and often deadly development, but also because metastases show a highly heterogeneous and difficult-to-treat cell population.
Physical activity and exercise training have been suggested as factors that may have a beneficial effect in prevention and control of cancer. However, the complex relationship between these factors and the biological behaviour of cancer is complex and remains poorly understood (Westerlind 2003) . Exercise training has been suggested previously to play a protective role against various cancers (Wolff & Toborek 2013) , such as lung (Paceli et al. 2012) and colon (Aoi et al. 2010) cancer. Experimental and epidemiological studies suggest that the prevention of hormone-dependent cancers, such as breast and prostate cancer, may benefit from moderate exercise training (Gago-Dominguez et al. 2007; McCullough et al. 2014; Tai et al. 2016) .
Our team and others have shown that exercise training is able to reduce the incidence of breast neoplasms in rats, using rat models induced by administering chemical carcinogens (Malicka et al. 2015; Faustino-Rocha et al. 2016b) . Such models are highly reliable for comparative studies with human cancer (Faustino-Rocha et al. 2015) . Using a rat model of mammary cancer induced by 1-methyl-1-nitrosourea (MNU), our team characterized the immunoexpression of oestrogen receptors in the tumours (Soares-Maia et al. 2013) , established accurate and noninvasive methods for monitoring tumour vascularization and development (Faustino-Rocha et al. 2013a ,b, 2016a and demonstrated the anti-cachexia effects of exercise training on muscle tissues (Padrão et al. 2015) . However, despite extensive work done on experimental breast cancer models by our team and others, there remains a lack of experimental data concerning the effects of exercise training on the metastatic spread of breast cancer. Taking into consideration that metastatic disease is incurable and treatment with chemotherapy can slow progression but ultimately the cancer develops resistance mechanisms and spreads to vital organs eventually leading to death, this study reports the effects of exercise training on the development of breast cancer metastases, as well as a characterization of those metastatic lesions.
Materials and methods

Animals and experimental design
All the biosecurity standards specified for the studies using animal models were followed (European Directive 2010/ 63/EU and National Decree-Law 113/2013), and the experimental protocol was approved by Direc ßão Geral de Alimentac ßão e Veterin aria (Approval no 008961). Fifty female Sprague-Dawley rats (Rattus norvegicus) (Harlan Interfauna Inc., Barcelona, Spain) were maintained in polycarbonate cages (1500 U Eurostandard Type IV S, Tecniplast, Buguggiate, Italy) with corncob for bedding (Mucedola, Italy), at a temperature of 23 AE 2°C and a humidity of 50 AE 10%, with light/dark cycles (12 h:12 h). Water and food (Diet Standard 4RF21â, Mucedola, Italy) were supplied ad libitum. Animals were randomly divided into four groups as follows: sedentary MNU (n = 15), exercised MNU (n = 15), sedentary control (n = 10) and exercised control (n = 10). At the 50th day of age (defined as experimental day 1), all animals from MNU groups received an intraperitoneal injection (50 mg/kg body weight) of the carcinogenic agent MNU (ISOPACâ, lot 100 M1436V, Sigma Chemical Co., Madrid, Spain), dissolved in 0.9% saline solution to a concentration of 11 mg/ml. In the same day, animals from control groups received an intraperitoneal injection of 0.9% saline solution.
Exercise training
A Treadmill Controlâ LE 8710 (Panlab, Harvard Apparatus, USA) was used for exercise training. Starting at experimental day 2, animals from exercised groups underwent an acclimatization period to the treadmill for five days, with a progressive increase of 20-60 min of exercise per day at 20 m/min. After this, at experimental day 9, animals were subjected to exercise training (60 min/day with a speed of 20 m/min, 5 days a week) until they had performed 35 weeks of moderate exercise training.
Sacrifice and necropsy of animals
All animals were sacrificed in the 35th week of the experimentation, under anaesthesia (ketamine and xylazine), followed by exsanguination by cardiac puncture as indicated by the Federation of European Laboratory Animal Science Associations (Forbes et al. 2007) . At necropsy, all animals were externally examined and weighed and scalped, and the skin was carefully observed under a light to detect mammary tumours. Tumours were excised and weighed (data not shown). Accurate body weight was obtained by the subtraction of tumour weight to body weight. The mammary tumours and the thoracic and abdominal organs were weighed and immediately fixated in 10% phosphate-buffered formaldehyde during 24 h.
Histopathology and immunohistochemistry
The fixed tissues were trimmed, processed and embedded in paraffin and 2-lm-thick sections were stained with haematoxylin and eosin (H&E) for histopathological evaluation by three independent pathologists (A. Alvarado, R.M. Gil da Costa, C. Lopes). The mammary tumours were classified and categorized considering the predominant histological patterns in each mammary tumour according to Russo and Russo (Russo & Russo 2000) . Immunohistochemistry was performed on 2-lm-thick sections, using the Novolink Polymer Detection System (Leica Biosystems, Newcastle, UK) according to the instructions provided by the manufacturer. Both primary antibodies for ER a (clone 6F11, Novocastra, Newcastle, UK) and PR (clone SP2, Abcam, Cambridge, UK) were diluted in phosphate-buffered saline (PBS) at 1:50 and incubated for 1.5 h at room temperature and 16 h (overnight) at 4°C respectively. The immunoexpression of ER a and PR was evaluated in primary tumours (in each histological pattern) and their metastases, counting the number of immunostained cells (cells with punctual nuclear labelling) in at least 500 neoplastic cells. Results were expressed as the percentage of immunopositive neoplastic cells. Normal rat mammary tissues incubated with and without the primary antibody were used as positive and negative controls respectively.
Statistical analysis
Descriptive statistics such as mean, standard deviation (SD) and proportion in base to percentage were used to express the number of mammary tumours and metastases, and lung weight. The number of mammary tumours and lesions was compared using the chi-square test. For the comparison between groups, the ANOVA and Tukey-Kramer honestly significant difference (HSD) tests for all pairs were used. The association between ER a and PR immunoexpression was assessed using linear Pearson correlation. The statistical analysis was performed using the JMP STARTER 5.0.1. program (SAS Institute Inc., Cary, NC, USA). The odds ratio (OR) was used to analyse the risk of development of metastases in exercised MNU and sedentary MNU groups with the online program MEDCALC statistical software (MedCalc Software bvba, Ostend, Belgium). P values lower than 0.05 were considered statistically significant.
Ethical approval statement
The experimental protocol was approved by the Portuguese Ethics Committee (Direcc ßão Geral de Alimentac ßão e Veterin aria, Approval no. 008961).
Results
General findings
Nine animals died during the experiment: four animals from each MNU group and one animal from the sedentary control group. One MNU-exposed animal did not adapt to the exercise protocol and was excluded. The final groups were the following: sedentary MNU (n = 11), exercised MNU (n = 10), sedentary control (n = 9) and exercised control (n = 10).
Evaluation of mammary tumours
Control animals did not develop mammary tumours, while all MNU-exposed animals developed mammary tumours (100% of incidence). The number of palpable masses and mean number of masses per animal were higher in the sedentary when compared with the exercised group. In both groups, the majority of mammary tumours were palpated in thoracic mammary glands (Table 1) .
Histologically, mammary tumours were heterogeneous, showing multiple different histological patterns (Figure 1a) . Thus, the number of histological lesions was higher than the number of palpable masses. A total of 32 and 37 mammary lesions were identified in the exercised and sedentary groups respectively (P > 0.05). Most of these were characterized as malignant epithelial neoplasms, with 28 and 33 malignant epithelial lesions identified in the exercised and sedentary MNU groups respectively.
Evaluation of organs and metastasis
Control groups showed no relevant lesions. One animal from the MNU sedentary group showed pulmonary nodules measuring 2.0 mm in diameter. The absolute and relative lung weight from sedentary MNU group was higher when compared with the remaining groups (P > 0.05) ( Table 2) . Acute severe mononuclear interstitial pneumonia (which ranged from multifocal to confluent and extensive in distribution), non-suppurative hepatitis, lymphoid hyperplasia of the spleen and thymus were observed in both MNU groups.
On light microscopy, two lung metastases were observed in two animals from the sedentary MNU group, while no metastases were observed in the exercised MNU group (OR P-value > 0.05). The metastasis exhibited a poorly differentiated solid pattern, similar to those commonly observed in mammary carcinomas, and had a multifocal alveolar conformation (Figure 2a ).
Immunohistochemical evaluation of mammary tumours and metastasis
All mammary neoplasms from both exercised and sedentary groups showed intense ER a and PR immunoexpression (Figure 1b,c; Table 3 ). The immunoexpression of ER a and PR was positively correlated (0.389, P = 0.001) in both MNU groups. Lung metastasis also showed intense immunostaining for both steroid receptors (ER + /PR + ) (Figure 2b ,c; Table 3 ), but showed lower percentage of immunoexpression when compared with primary neoplasms (P < 0.05).
Discussion
The effects of exercise training on cancer development and treatment are of great interest (Wolff & Toborek 2013) . Recent findings in male mice suggest that exercise training is able to reduce the spread of lung carcinoma metastatic cells in the brain, which is the principal organ where metastases are found in this type of tumour (Wolff et al. 2014 (Wolff et al. , 2015 . The present study addressed the effects of long-term exercise training on the expression of hormone receptors and metastatic dissemination of breast cancer in a rat model. Additionally, in accordance with previous findings (Thompson 1994; Whittal-Strange et al. 1998; Thompson et al. 2010) , in this study exercise training reduced the number of palpable masses (28 in sedentary vs. 23 in exercised group), histological lesions (37 in sedentary vs. 32 in exercised group) and malignant lesions (33 in sedentary vs. 28 in exercised group).
The key finding in this study was the absence of pulmonary metastasis in exercised rats, although the small number does not allow our analysis to reach statistical significance. While the occurrence of metastasis in this model was reported in early studies (McCormick et al. 1981; Russo & Russo 2000; Perse et al. 2009 ), a more detailed study to understand their development in exercised animals has not been performed previously. Although two lung metastases were observed in sedentary animals, only one of them was detected macroscopically (2.0 mm in diameter). As each animal developed more than one mammary tumour with distinct histological patterns, it was not possible to identify the specific mammary lesion from which each metastasis originated.
Chemically induced mammary tumours in rats are often hormone dependent, expressing hormone receptors for both oestrogen and progesterone, which play an important role in breast cancer (Kariagina et al. 2013) . Positive expression of ER a and PR is widely regarded as indicating a favourable prognostic and response to hormonal therapy (McGuire & Clark 1986; Lanari et al. 2009; Bae et al. 2015; Mohammed et al. 2015; Vici et al. 2015) . McTiernan et al. (2004) and Wolff and Toborek (2013) suggest that long-term exercise training may decrease serum oestrogens levels, theoretically decreasing the risk of breast cancer development and metastatic disease. However, our previous findings (Faustino-Rocha et al. 2016b) are not in accordance with those results, and we observed that exercise training causes a significant increase in serum oestrogen levels. To us, this suggests that the anti-metastatic effects of exercise training were hormone independent. To check this possibility, we analyzed the expression of hormone receptors in the primary tumours. We recently reported in this model that the high expression of ER a is correlated with differentiated phenotype (Alvarado et al. 2016 ). Our present findings confirm that mammary lesions induced by MNU strongly express ER a and PR. However, metastatic cells may show significant genotypic and phenotypic differences regarding their primary neoplasm, reflecting local adaptations or the selection of the more metastatic-prone cellular clones (Grewal et al. 2010; Cummings et al. 2014) . Recently, Cummings et al. (2014) reported a loss of ER a and PR immunoexpression in lung metastasis of human breast cancer, with a consequent resistance to hormone therapy and increased mortality rates. Accordingly, we also examined by immunohistochemistry ER a and PR expression in metastatic lesions to make sure that metastases maintained the same hormone-sensitive phenotype of their primary lesions. We observed that metastasis maintains the same general pattern of ER a and PR expression observed in primary mammary tumours (with higher immunoexpression for ER a than PR), even if the mean immunoexpression for both receptors was lower.
Recent studies provide another possible explanation for the anti-metastatic effects of exercise training, based on its ability to modulate blood flow and the permeability of blood vessels, making it more difficult for cancer cells to cross vascular walls and establish metastases (Wolff et al. 2014 (Wolff et al. , 2015 . These studies point out that exercise training protects blood vessels in the brain against extravasation by injected Lewis lung carcinoma cells in mice. This effect was proposed to be mediated by proteins involved in endothelial tight junctions such as occludin, ZO-1 and claudin-5 (Wolff et al. 2015) . The authors proposed that exercise training helped maintain a near-normal vascular status even in the presence of cancer cells. Some results recently published by our team point in the same direction. Using the same experimental protocol described in the present paper, we showed that mammary tumours from exercised animals demonstrated enhanced vascularization, compared with sedentary animals (Faustino-Rocha et al. 2016c) . In view of these findings, it is interesting to speculate that the reduced metastasis observed here may be due to a healthier intratumoral vasculature, allowing less cancer cell intravasation. The detailed molecular characterization of the vascular component in these tumours will be the object of the further study.
Our results support the hypothesis that long-term exercise training may decrease the risk of metastatic disease dissemination in woman breast cancer patients. Two mammary cancer metastases were found and characterized in the lungs of sedentary animals, closely resembling those observed in cancer patients. This occurred in the presence of enhanced oestrogen levels, with hormone-sensitive primary and metastatic lesions, indicating that the effect was hormone independent. As only two lung metastases of small dimensions were found in this experiment, no studies were performed on the metastasis microenvironment. So, additional studies are warranted to address the potential protective vascular changes involved in the anti-metastatic effects of exercise training on mammary cancer. ‡ Statistically different from epithelial malignant in both exercised and sedentary groups (P < 0.05).**Statistically different from total ER a and PR on mammary neoplasm from exercised and sedentary groups (P < 0.05).
